Introduction mTOR (mammalian target of rapamycin) is a ubiquitously expressed serine/threonine kinase that affects a number of key cell functions, including protein synthesis and proliferation. 1,2 mTOR associates with either protein called raptor or another named rictor to form the mTORC1 and mTORC2 complexes, respectively. The signaling pathways activated by mTORC1 have thus far been much better characterized. 1-3 Accordingly, mTORC1 acts by activating p70S6 kinase 1 (p70S6K1) and inhibiting the 4E binding protein 1 (4E-BP1). In turn, p70S6K1 phosphorylates an S6 protein of the 40S ribosomal subunit (S6rp) at several sites, including serines 235 and 236. The exact mechanisms of mTOR activation are still under investigation, but at least 2 separate, distinct signals are required. Whereas the first is provided by the cell membrane receptors for growth factors, such as insulin and insulin-like growth factor (IGF), the second is generated by nutrients. [4] [5] [6] [7] The IGF and other receptors activate cell-signaling pathways PI3K/Akt 8-10 and ERK/ MEK. 11-13 Both these signaling pathways have been implicated in mTORC1 activation through an indirect mechanism by suppressing the activity of the tuberous sclerosis complex proteins TSC1 and TSC2 which, in turn, inhibit activity of mTORC1 through inactivating the G protein Rheb. mTORC1 can be functionally inactivated by inhibitors from the rapamycin family. Rather than occupying the enzymatic kinase/ATP-binding domain, rapamycin-type compounds block the binding of mTORC1 to the FKBP12 protein and, consequently, inhibit activity of the complex. Rapamycin and its derivatives are highly potent and specific for mTORC1. They are currently used clinically as immunosuppressive drugs and are evaluated as therapeutic agents in various types of cancer. 1, 2 From the several cytokines such as IL-2, IL-7, IL-15, and IL-21 that signal through the receptors that share the common ␥ chain (␥c), IL-2 is by far the best characterized. It signals through the receptor that, in addition to the ␥c, contains the second signaling chain ␤ and, in the case of high-affinity receptor, also the IL-2-specific, signal nontransducing ␣ chain. In normal immune cells, IL-2 has been shown to activate Jak/STAT signaling, PI3K/Akt and MEK/ERK signaling pathways. 14 In addition to the ␥c, the receptor for IL-7 contains a second IL-7-specific signaltransducing ␣ chain. IL-7 has been implicated in promoting maturation and survival of T lymphocytes. [15] [16] [17] [18] In turn, IL-15 shares with IL-2 both receptor signaling chains, ␥ and ␤, and, similar to IL-2, also has the IL-15-specific, nontransducing ␣ chain. Consequently, IL-2 and IL-15 share a number of properties, including stimulation of the T-, natural killer (NK)-, and B-cell proliferation and functional maturation, but certain features unique to each of them have also been described. 14, 19 IL-21 also displays a spectrum of effects on the immune cells, 20 with its ability to increase cytotoxicity of both NK 21 and CD8 ϩ T 22 cells being the best defined. In addition to the ␥c, IL-21 receptor comprises its own distinct signal transducing ␣ chain. All 3 cytokines activate Jak1 and Jak3 kinases that phosphorylate and, hence, activate the respective cytokine receptors as well as the signaling proteins that dock to the activated receptors. For personal use only. on November 7, 2017. by guest www.bloodjournal.org From Primary cutaneous T-cell lymphoma (CTCL) represents the most common type of T-cell lymphoma. 23, 24 CTCL is derived from the CD4 ϩ helper/inducer T-cell subset and typically presents in the form of skin patches and/or patches. A subset of cases presents with or, more frequently, displays progression over time to the more advanced forms, including development of skin tumors, peripheral blood involvement (a leukemic phase called Sézary syndrome), involvement of lymph nodes, and transformation to large cell lymphoma.
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Primary cutaneous T-cell lymphoma (CTCL) represents the most common type of T-cell lymphoma. 23, 24 CTCL is derived from the CD4 ϩ helper/inducer T-cell subset and typically presents in the form of skin patches and/or patches. A subset of cases presents with or, more frequently, displays progression over time to the more advanced forms, including development of skin tumors, peripheral blood involvement (a leukemic phase called Sézary syndrome), involvement of lymph nodes, and transformation to large cell lymphoma.
In the current study we examined activation status of the mTORC1 signaling pathway in CTCL cells, tested the ability of the key ␥c-signaling cytokines to activate the pathway, determined the effect of mTORC1 on the CTCL cell function, and, finally, elucidated the contribution of the Jak1/Jak3 kinase complex, PI3K/Akt and MEK/ERK pathways to the mTORC1 activation in this type of T-cell lymphoma.
Methods

CTCL cell lines, freshly isolated cells, and biopsy tissues
IL-2-dependent T-cell lines Sez-4 and SeAx were derived from patients with CTCL. 25, 26 The cell lines were cultured at 37°C and 5% CO 2 in the presence of 100 U of IL-2 in standard RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Sez-4) or 10% heatinactivated human serum (SeAx), 1% penicillin/streptomycin/Fungizone mixture, and 2 mM L-glutamine. Peripheral blood mononuclear cells from patients were obtained after Ficoll density-gradient centrifugation from heparinized blood samples. The patients with CTCL were diagnosed as having peripheral blood involvement (leukemic phase/Sézary syndrome) on the basis of clinical, histopathologic, and immunophenotypic criteria. The leukemic CTCL cell populations of the 3 patients analyzed were more than 90% pure as determined by flow cytometry analysis using the CD4/CD8 ratio and CD7 and/or CD26 loss by the CD4 ϩ T-cell population as the criteria. To obtain primed cells, leukemic CTCL cells were cultured for 7 days in the presence of a mitogen PHA-L (Sigma-Aldrich, St Louis, MO) used at 10 g/mL.
A total of 25 skin biopsies and 15 lymph nodes were harvested from patients with CTCL for diagnostic purpose. Skin biopsies included 9 patch, 10 plaque, and 6 tumor stage lesions. Ten of the lymph nodes showed involvement by a standard CTCL, and 5 contained CTCL with large-cell transformation. Samples included into the study conformed to the institutional review board-approved protocols. Approval was obtained from the University of Pennsylvania Institutional Review Board for these studies. Informed consent was obtained in accordance with the Declaration of Helsinki.
Cytokines and kinase inhibitors
Recombinant human (rh) IL-2 was purchased from Bender MedSystems (Burlingame, CA), rhIL-7 and rhIL-15 from R&D Systems (Minneapolis, MN), and rhIL-21 from BioSource International (Camarillo, CA). An mTORC1 inhibitor rapamycin was obtained from Cell Signaling Technology (Danvers, MA), pan-Jak (Jak I) 27 from Calbiochem (San Diego, CA), and Jak3 inhibitor was synthesized according to the published structure. 28 PI3K inhibitor wortmannin was purchased from Calbiochem, MEK1/2 inhibitor U0126 from Promega (Madison, WI), and Syk inhibitor (inhibitor I) from Calbiochem.
Western blot
The cells were washed briefly in PBS, centrifuged, and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with 0.5 mM PMSF, phosphatase inhibitor cocktails I and II from Sigma-Aldrich and protease inhibitor cocktail from Roche (Indianapolis, IN). For normalization of the gel loading, the protein extracts were assayed with the Lowry method (Dc protein assay; Bio-Rad, Hercules, CA). Typically, 5 to 50 mg of the protein per lane was loaded. To examine protein phosphorylation, the membranes were incubated with antibodies specific for Akt T308, S6rp S235/236, 4E-BP1 T37/46, ERK1/2 T202/Y204, STAT3 Y705, or STAT5 Y694 (all from Cell Signaling Technology). To detect total protein, anti-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used. The membranes were incubated with the appropriate secondary, peroxidaseconjugated antibodies. The blots were developed using the ECL Plus Western Blotting Detection System from GE Healthcare (Chalfont St Giles, United Kingdom).
Immunohistochemistry
The analysis was performed using the anti-phospho-S6rp(S235/236) and anti-(p)-4E-BP1 (S65) antibodies from Cell Signaling Technology and the ENVISION horseradish peroxidase polymer method (Dako North America, Carpinteria, CA). Formalin-fixed paraffin-embedded tissue specimens of the skin and lymph node biopsies were deparaffinized and heat treated for antigen retrieval by boiling slides in 10 mM citrate buffer pH 6 for 20 minutes. The sections were blocked for 10 minutes with the peroxidase blocking system and incubated at room temperature with the primary antibodies at the 1:50 dilution for 90 minutes, secondary biotinylated anti-rabbit IgG for 30 minutes, and the streptavidin-biotinylated horseradish peroxidase complex for 30 minutes. After washing, the slides were exposed to the chromagen DABplus from Dako North America for 5 minutes and counterstained with hematoxylin. Photographs of the stained slides were taken using an Olympus BX41 microscope (Olympus, Melville, NY) equipped with 10ϫ super widefield eyepieces and Olympus UPlanApo 20ϫ/0.70 NA and 40ϫ/0.85 NA objectives and an Olympus C-5050 digital camera and SPOT advanced image acquisition software version 4.7 (Sterling Heights, MI). The figure was prepared using Adobe Illustrator software CS2 (Adobe Systems, San Jose, CA).
siRNA assay
A mixture of 4 Jak1-or Jak3-specific siRNAs or nonsense siRNAs (all from Dharmacon RNA Technologies, Lafayette, CO) was introduced into cells at 100nM by lipofection with the new generation Lipofectamine (DMRIE-C; Invitrogen, Carlsbad, CA). The procedure was repeated after 24 hours of culture in the presence of IL-2, and the cells were cultured for an additional 24 hours. The extent of the protein knockdown was examined by Western blotting.
Cell proliferation (BrdU incorporation) assay
After cell culture for 48 hours in the presence of kinase inhibitors, and, for the IL-2-dependent lines IL-2, cell proliferation was evaluated in bromodeoxyuridine (BrdUrd) incorporation assay using the commercially available kit Cell Proliferation enzyme-linked immunoabsorbent assay (ELISA; Roche) according to the manufacturer's protocol. In brief, cells were seeded in 96-well plates (Corning, Corning, NY) at a concentration of 10 4 cells/well in RPMI medium supplemented with 10% FBS and labeled with BrdU (Roche) for 4 hours. After the plate centrifugation (10 minutes at 300g), supernatant removal, and plate drying, the cells were fixed, and the DNA was denaturated by the addition of 200 mL FixDenat reagent. The amount of incorporated BrdU was determined by incubation with a specific antibody conjugated with peroxidase followed by colorimetric conversion of the substrate and OD evaluation in the ELISA plate reader.
Cell apoptosis (terminal dUTP nick-end labeling) assay
We used the ApoAlert DNA Fragmentation Assay Kit from BD Biosciences (San Jose, CA) according to the manufacturer's protocol. In brief, cells were cultured at 0.5 ϫ 10 6 cells/mL for 24 hours with the kinase inhibitors and, when required, IL-2. The cells were collected, washed twice in PBS, and fixed with 1% formaldehyde/PBS. After the wash, cells were permeabilized with 70% ice-cold ethanol for at least 2 hours, washed, and incubated in TdT incubation buffer for 1 hour at 37°C. The reaction was stopped by adding 20mM EDTA, and the cells were washed twice in 0.1% Triton X-100/BSA/PBS. Finally, samples were resuspended in 0.5 mL of PI/RNAse/PBS, collected, and analyzed by flow cytometry (FACSort; Becton Dickinson, Franklin Lakes, NJ) using the CellQuest PRO software.
Results
Activation of mTORC1, PI3K/Akt, MEK/ERK, and STAT signaling pathways in CTCL cells
To evaluate activation status of the mTOR pathway in malignant CD4 ϩ T cells, we examined 4 CTCL-derived cell lines, 2 of which grow independently of the exogenous cytokines and the other 2 that are IL-2 dependent. 21, 22 As shown in Figure 1A , the cytokineindependent cell lines displayed constitutive activation of the pathway as determined by phosphorylation of the mTOR targets S6rp and 4E-BP1. These cell lines also displayed constitutive activation of the PI3K/Akt and MEK/ERK and, as expected, the STAT3 and STAT5 pathways. 22 In contrast, activation of mTORC1, as well as of the other pathways in the IL-2-dependent cell lines, was strictly dependent on the presence of the cytokine with essentially no evidence of active signaling seen in the IL-2-depleted cells. To determine whether mTORC1 and the other pathways can become also activated by other members of the ␥c-signaling cytokine family, we exposed the IL-2-dependent cell lines to IL-7, IL-15, or IL-21. As shown in Figure 1B , IL-2 and IL-15, which share the entire receptor signaling unit, induced comparably strong activation of mTORC1, PI3K/Akt, MEK/ERK, and STAT5 and weak to nondetectable activation of STAT3. IL-7 displayed the same pattern of the pathway activation, the degree of the activation was, however, uniformly weaker. In striking contrast, IL-21 strongly activated STAT3 but not mTORC1 or any of the other pathways.
We next examined the effect of serum-and nutrient-deprivation on mTORC1 activation in the CTCL cells. As shown in Figure 1C , activation of mTORC1 as well as of PI3K/Akt and MEK/ERK pathways was not affected by the overnight serum withdrawal. However, activation of mTORC1 and MEK/ERK but not of PI3K/Akt was abrogated by the brief, 2-hour depletion of nutrients. The mTORC1 and MEK/ERK activation was totally restored by the cell reexposure to the complete, nutrient-containing medium, indicating the reversible nature of the inhibition.
To show that activation of the mTORC1 pathway occurs also in the uncultured, primary malignant CD4 ϩ T cells, we examined freshly isolated, blood-circulating malignant cells from 3 patients with the leukemic form of the lymphoma (Figure 1D left) . As with the CTCL-derived cell lines, the primary CTCL cells displayed strong phosphorylation of STAT5 in response to IL-2 and strong phosphorylation of STAT3 on stimulation with IL-21. However, neither the TORC1 nor PI3K/Akt or MEK/ERK pathway could be activated by these cytokines. To understand the discrepancy between the cell lines and primary cells, we reasoned that the difference might stem from differential cell activation status For personal use only. on November 7, 2017. by guest www.bloodjournal.org From between these 2 types of CTCL cell populations with the leukemic primary cells possibly being in the more quiescent state. To test this hypothesis, we preactivated the leukemic CTCL cells with a mitogen (PHA) for 7 days. As shown in Figure 1D (right), the mitogen preactivation indeed changed the cytokine response pattern of the primary cells. Similar to the CTCL-derived cell lines and in contrast to the freshly isolated cells, the primed CTCL cells activated mTORC1, PI3K/Akt, MEK/ERK, and, as expected, STAT5 but not STAT3 in response to IL-2 and IL-15. IL-21 did strongly activate STAT3 but not the remaining pathways.
Activation of mTORC1 pathway in CTCL tissues
To determine whether mTORC1 activation occurs in the CTCL tissues and if so at which stage of the disease, we examined by immunohistochemistry phosphorylation of the mTORC1 targets S6rp and 4E-BP1 in biopsy tissues representing the whole spectrum of CTCL spanning from the early patch skin lesions to the advanced cases of large cell transformation occurring in the lymph nodes. Representative images from this examination are presented in Figure 2 and the entire dataset is summarized in Table 1 . Only a relatively small number of atypical, seemingly enlarged lymphocytes displayed staining with the anti-phospho-S6rp ( Figure 2B ) and -4E-BP1 ( Figure 2C ) antibodies at the patch stage with admixed reactive plasma cells and macrophages also displaying some degree of staining. Frequency of the positively staining atypical lymphocytes steadily increased at the plaque and tumor stage ( Figure 2E,F) and in the areas of lymph node involvement by CTCL. Of note, the positive cells were particularly numerous in the CTCL cases with an overt large cell transformation of the lymphoma cells and clearly predominated in some cases ( Figure 2G,H) .
Effect of rapamycin on mTORC1 signaling, apoptotic cell death, and proliferation of CTCL cells
To determine whether mTORC1 function can be efficiently inhibited in the CTCL cells, we analyzed the effect of rapamycin, the very potent and seemingly totally specific inhibitor of mTORC1. As shown in Figure 3A , rapamycin used at the low dose of 5nM abrogated phosphorylation of S6rp and 4E-BP1 in the cell lines (left) and mitogen-primed native cells (right), showing high sensitivity of the CTCL cells to the drug. Phosphorylation of Akt and ERK1/2 remained essentially intact in agreement with the high specificity of the drug. To determine the biologic importance of the mTORC1 pathway in the CTCL cells, we examined rapamycin's effect on apoptotic death and proliferative rate in cell lines and native cells. Whereas the apoptotic rate has not significantly changed ( Figure 3B ), rapamycin profoundly suppressed proliferation of the CTCL cells ( Figure 3C ). Skin biopsies from the patch, plaque, and tumor stages and the involved lymph nodes were stained by immunohistochemistry for the above-mentioned proteins. The cases are grouped based on the depicted percentage of staining of the atypical lymphocytes. Values are number of cases within the group; percentage of cases within the given CTCL stage in parentheses.
Role of Jak1 and Jak3 kinases in mTORC1 activation in CTCL cells
Because Jak1 and Jak3 are critical for signaling by the ␥c-signaling cytokines such as IL-2, we next examined the role of Jak1 and Jak3 in mTORC1 activation in the CTCL cells by taking advantage of 2 potent and highly specific Jak inhibitors. Whereas one of the inhibitors, pan-Jak, suppresses in vitro kinase activity of all 4 members of the Jak family, 23 the latter is much more specific for Jak3. 24 Both pan-Jak and Jak3 inhibitors suppressed activation of mTORC1 as well as PI3K/Akt and MEK/ERK pathways in the CTCL-derived cell lines ( Figure 4A ) and mitogen-primed native cells ( Figure 4B ). The overall similar effect on mTORC1 signaling was obtained on siRNA-mediated depletion of Jak1 and Jak3 ( Figure 4C ). The less profound effect most likely reflects incomplete inhibition of the Jaks, in particular of Jak3, because partial depletion of the target is frequently seen with this method. On the cell functional level, the pan-Jak and Jak3 inhibitors profoundly suppressed proliferation of CTCL cells, both cell lines ( Figure 4D) , and native cells ( Figure 4F ). Of note, the degree of suppression induced by the Jak inhibitors matched the one triggered by rapamycin, and the combination of rapamycin with either of the Jak inhibitors was not more potent than any of these 3 inhibitors alone. This finding indicates that mTORC1 is the key effector of the Jaks in regard to stimulation of the cell proliferation. Finally, Jak inhibitors, in particular the pan-Jak inhibitor, markedly enhanced apoptotic cell death of the cell lines ( Figure 4E ) and native cells ( Figure 4G ) supporting the critical role of Jak1 and Jak3 in the IL-2 signaling in the malignant CD4 ϩ T cells.
Role of PI3K/Akt and MEK/ERK signaling pathways in mTORC1 activation in CTCL cells
Because both PI3K/Akt [8] [9] [10] and MEK/ERK [11] [12] [13] have been shown to activate the mTORC1 pathway in other cell types, we decided to determine their role in activation of the pathway in the CTCL cells. We used potent PI3K inhibitor wortmannin 29 and MEK inhibitor U0126. 30 As shown in Figure 5A , the seemingly complete inhibition in the CTCL cells of Akt phosphorylation by wortmannin was associated with marked inhibition of phosphorylation of the mTORC1 targets S6rp and 4E-BP1. In turn, profound inhibition of ERK1/2 phosphorylation by U0126 had a much smaller effect on phosphorylation of the mTORC1 targets. Because Syk kinase was recently reported to activate mTORC1 in malignant B lymphocytes, 31 we also used Syk inhibitor at the pretested saturating dose that was effective in the B-cell lymphoma cells (M.E.-S. et al, manuscript in preparation). The inhibitor had, however, no effect on mTORC1 activation in the CTCL cells ( Figure 5A) .
We have recently shown mTORC1 activation in T-cell lymphoma that expresses anaplastic lymphoma kinase (ALK ϩ TCL). 32 To compare the relative contribution of the PI3K/Akt and MEK/ ERK pathways in the CTCL and ALK ϩ TCL cells to the mTORC1 activation, we treated cell lines derived from both types of lymphoma with wortmannin or U0126 in the same experiments ( Figure 5B ). Whereas PI3K inhibition indeed had a stronger suppressive effect on mTORC1 activation in the CTCL cells, inhibition of MEK was more effective in the ALK ϩ TCL cells, which agreed with our previous findings. 32 In the next set of experiments we compared the effect of PI3K/Akt inhibition to mTORC1 inhibition on the growth and For personal use only. on November 7, 2017. by guest www.bloodjournal.org From survival of CTCL cells. Wortmannin seemed equally, if not more, effective than rapamycin in inhibiting cell proliferation under the same experimental conditions ( Figure 5C ). It was more effective, however, in enhancing cell apoptosis ( Figure 5D ). Finally, to determine whether simultaneous inhibition of PI3K/Akt or MEK/ ERK pathway enhances the effect of the mTORC1 inhibition, we examined the result of combining rapamycin with either wortmannin or U0126. As shown in Figure 5E , neither combination augmented substantially the inhibitory effect of rapamycin on the cell proliferation. However, both combinations led to marked increase in the apoptotic cell rate, suggesting potential efficacy of such approach in treatment of CTCL.
Discussion
Although persistent activation of mTORC1 signaling pathway has been found in many types of cancer, the exact mechanisms that lead to the mTORC1 induction in both normal and transformed cells still remain poorly defined. In this study we identified activation of mTORC1 in CTCL cells and tissues with the lymphoma cells displaying the activation being most frequent at the advanced stages of the lymphoma. Activation of mTORC1, as well as the PI3K/Akt and MEK/ERK pathways, could be induced in the CTCL cells by stimulation with members of the ␥c-signaling family IL-2, IL-15, and, to the lesser degree, IL-7 with IL-21 representing a notable exception. Whereas the IL-2-triggered induction of the pathways in the cytokine-dependent CTCL cell lines did not require any additional stimuli, the freshly isolated leukemic CTCL cells needed priming with a mitogen. mTORC1 activation was strictly dependent on the second, IL-2-unrelated signal provided by nutrients. mTORC1 induction also required activity of the Jak1/Jak3 complexes that are associated with the ␥c-type cytokine receptors and was transduced mainly by the PI3K/Akt signaling pathway with only a minor contribution of the MEK/ERK pathway. Inhibition of mTORC1 as well as of Jak1/Jak3 complexes or PI3K/Akt signaling profoundly impaired proliferative capacity of the CTCL. In addition, inhibition of the Jaks or PI3K/Akt but not of mTORC1 alone markedly Figure 4 . Jak1/Jak3 kinase-dependent activation of mTORC1 in CTCL cells. The CTCL cell lines (A) and mitogen preactivated primary leukemic CTCL cells (B) were cultured for 2 hours with medium or 100 U of IL-2, as indicated, in the presence of Jak3 or pan-Jak inhibitor used at the listed concentrations, lysed, and examined with the listed antibodies. (C) The CTCL cell lines were pretreated at 0 and 24 hours with 100 nM nonsense (control) or Jak1-or Jak3-specific siRNA, cultured for an additional 24 hours, lysed, and analyzed with the indicated antibodies. The CTCL cell lines (D) and mitogen preactivated primary leukemic CTCL cells (F) were cultured for 48 hours with medium or 100 U of IL-2, as indicated, in the presence of 1 M Jak3 inhibitor, 1 M pan-Jak inhibitor, or 5 nM rapamycin either alone or in combination with the Jak inhibitors as indicated, and analyzed for the proliferative cell rate. The Jak3 and pan-Jak inhibitor-treated CTCL cell lines and preactivated primary cells were also analyzed for the apoptotic cell death rate (E and G, respectively).
increased apoptosis of the cells. However, simultaneous inhibition of mTORC1 and either PI3K/Akt or MEK/ERK enhanced the apoptotic cell rate.
On the basis of the studies with certain types of epithelial cells, IGF-I and other members of the insulin family are believed to play the key role in triggering mTORC1 activation. [1] [2] [3] However, our previous studies as well as the current one indicate that in malignant lymphocytes of both B-and T-cell lineages, these growth factors that are present at high concentration in serum are not critical for mTORC1 induction. 29, 32 Instead, the whole spectrum of quite diverse stimuli, including CD40 ligand, 33 an oncogenic ALK tyrosine kinase, 32 and notch, 34 has been implicated in mTORC1 activation in lymphoid cells. Other ligands capable of inducing mTORC1 activation were described in various nonlymphoid cells such as TSH in the thyroid epithelial cells, 35 fibroblast growth factor 9 (FGF-9) in endometrial stromal cells, 36 polycystein-1 in renal tubular cells, 37 and prostaglandin F2a in luteal cells. 38 In all likelihood, even more mTORC1-activating ligands will be identified, considering the importance of mTORC1 for cell biology, on one hand, and the capability of many ligands and receptors to activate PI3K/Akt and/or MEK/ERK signaling, on the other hand. It is not particularly surprising in this context that IL-2 induces mTORC1 activation because this cytokine had been shown to activate the PI3K/Akt and MEK/ERK pathways some time ago. 14 It is also not surprising that IL-15 displays the same property, given that IL-2 and IL-15 receptors share the entire signal transduction module of the ␤ and ␥ chains and display overlapping signaling mechanisms. 19, 22, 39, 40 Although some differences in biologic functions between these 2 cytokines have been noted, 14, 19 they most likely stem from the different types of cells producing the cytokines, diverse patterns of IL-2 and IL-15 receptor expression on various immune cells, and different modes of the cytokine presentation in vivo with IL-2 acting as a soluble and IL-15 as a membrane-bound ligand. 14 Furthermore, at least some of these differences seem more quantitative than qualitative in nature and tend to occur on prolonged cell stimulation apparently because of the differential ability of these cytokines to regulate sustained expression of their specific ␣ chain in their respective receptors. 19 The relatively modest effect of IL-7 on activation of mTORC1 and the other signaling pathways was somewhat surprising, given that this cytokine is able to support growth of normal T lymphocytes [15] [16] [17] [18] and CTCL cells. 39, 41 Furthermore, in contrast to IL-2, IL-15, and other cytokines, concentration of IL-7 is markedly increased in peripheral blood of the patients with CTCL. 41 In addition, its mRNA can be easily detected in the CTCL tissue lesions. 41 Whether IL-7 is a stronger activator of mTORC1 and the other pathways in vivo where it acts in the context of other cell-activating stimuli remains to be determined.
The inability of IL-21 to activate mTORC1, as well as PI3K/Akt and MEK/ERK, was rather unexpected considering not only that the IL-21 receptor shares the ␥c with IL-2 and IL-15 receptors but also that the IL-21 receptor's ␣ chain displays a high degree of homology to the IL-2 and IL-15 receptors' common ␤ chain. 20 Consequently, both types of receptors have similar signaling units and activate the Jak1/Jak3 complexes. The marked difference in response to IL-21 compared with IL-2 and IL-15 suggests that changes in conformation of their receptors induced by the cytokines are most likely responsible for the differential effect of the cytokines.
It is interesting that, in contrast to the CTCL cell lines, freshly isolated leukemic CTCL cells required mitogen-mediated preactivation to efficiently activate mTORC1, PI3K/Akt, and MEK/ERK pathways in response to IL-2. This finding is reminiscent of the finding that normal murine CD4 ϩ CD25 ϩ T cells also required priming to activate the PI3K/Akt pathway on IL-2 stimulation. 42 These 2 observations combined indicate that the final effect of IL-2, For personal use only. on November 7, 2017. by guest www.bloodjournal.org From and likely other ligands, is highly dependent on the discrete functional status of the targeted cells. In this context, the CTCLderived cell lines may be more reflective of the activation status of the tissue anchored rather than the seemingly more quiescent circulating malignant T cells. Our finding that mTORC1 activation can be detected in the CTCL tissues ( Figure 2 ; Table 1 ), in particular in the larger and overtly transformed malignant T cells that likely correspond to the activated normal counterparts, strongly supports this notion.
Of note, we have documented that mTOR activation in the CTCL cells is strictly nutrient dependent on signals provided by nutrients ( Figure 1C ). This observation indicates that CTCL cells retain the requirement for the second mTORC1-activating signal that is growth factor and cytokine independent and acts by targeting directly Rheb, the immediate upstream activator of mTORC1. 43 Combined with the need for IL-2 stimulation and the highly effective inhibition of mTORC1 by rapamycin, the preserved dependence on nutrients indicates that the mTORC1 signaling pathway remains intact in the malignant CD4 ϩ T cells and does not contain any mutations that could lead to an autonomous, constitutive activation of the pathway. 44 Recently, a protein called hVps34 that belongs to the class III PI3K kinase family as well as MAP4 kinase that is related to Ste20 have been identified as the nutrient-activated intermediaries involved in the mTORC1 activation. [45] [46] [47] These findings raise the interesting question of whether hVps34 and MAP4 kinases could represent novel therapeutic targets in the mTORC1-dependent malignancies.
Our findings about the signaling pathways upstream of mTORC1 in CTCL (this report) and ALK plus TCL 28 ( Figure 5B) not only confirm the previous observations made in different cell types that both PI3K/Akt [8] [9] [10] and MEK/ERK 11-13 pathways play a role in the mTORC1 activation, but they also show that both these pathways can contribute together to mTORC1 activation in the given cell type, malignant CD4 ϩ T lymphocytes in our case. Furthermore, the relative contribution of PI3K/Akt and MEK/ERK pathways to mTORC1 activation appears to depend on the primary stimulus with the IL-2-induced ␥c/Jak signaling, preferentially using the former and the ALK-trigged signaling relying more on the latter pathway 32 ( Figure 5B ). Of note, other signaling pathways also seem to be involved in mTORC1 activation with their relationship to either PI3K/Akt or MEK/ERK signaling not always being entirely clear. Accordingly, we found that mTORC1 activation in malignant B lymphocytes is largely PI3K/Akt and MEK/ERK independent 29 and others have recently managed to implicate Syk kinase in the process in such cells. 31 Activation of mTORC1 by FGF-9 36 and prostaglandin F2 37 have been reported as Akt independent.
Our findings suggest that mTORC1 represents a potential novel and attractive therapeutic target in CTCL and, in all likelihood, other CD4 ϩ T-cell lymphoma malignancies. Beside rapamycin, 3 rapamycin analogs, RAD001, CCI-779, and AP23573, have been introduced and are at various stages of clinical trials in the whole spectrum of malignancies. Whereas they differ in some characteristics (eg, pharmacokinetics or availability in an oral form), their basic function of inhibiting mTORC1 with high specificity and low toxicity appears to be essentially the same. Our previous studies indicate that mTOR inhibitors hold promise as potential therapeutic agents in another type of CD4 ϩ T-cell lymphoma ALK ϩ TCL, 32 as well as various B-cell lymphomas 29 with post-transplantation lymphoproliferative disorders being so far the best validated. 29, [48] [49] [50] Considering that mTORC1 inhibitors are used as immunosuppressive drugs directed primarily against T lymphocytes, CTCL and other T-cell lymphomas may be particularly sensitive to therapies targeting mTORC1. Given that atypical, malignant-appearing lymphocytes that display mTORC1 activation are particularly frequent at the late stages of CTCL (Figure 2 ; Table 1 ), it could be argued that mTORC1 inhibitors may have the biggest effect in the more advanced cases of the lymphoma.
The fact that mTORC1 inhibition triggers in CTCL cells and many other malignancies, 51 cytostatic ( Figure 3C ) rather than cytotoxic ( Figure 3B ) effect may limit its efficacy if administered as a single agent. Accordingly, mTORC1 inhibitors used so far alone have shown in clinical trials highly variable efficacy 51 with often low response rate even for sensitive cancer types. 52 Therefore, combination with other compounds that either alone or in combination with an mTOR inhibitor would induce apoptotic death of the malignant cells may be of particular value. Indeed, modeling studies indicate that combinations of effective cytostatic and cytotoxic drugs should markedly increase the cure rate by delaying development of drug resistance and preventing tumor growth in the time intervals between doses of the cytotoxic agents. 53 Furthermore, the observation that mTORC1 inhibitor dramatically enhanced apoptotic cell rate of the DNA-damaging agent cisplatin indicates that the mTORC1 inhibition may also augment the effect of the cytotoxic agents. 54 Our observation that combination of rapamycin with an inhibitor of either PI3K/Akt or MEK/ERK pathway ( Figure 5F ) increased apoptotic cell rate further supports this notion.
